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METHOD FOR FABRICATING A MASK USING A HARDMASK AND METHOD 
FOR MAKING A SEMICONDUCTOR DEVICE USING THE SAME 



Field of the Invention 

5 [0001] This invention relates generally to a mask used for patterning layers of integrated 
circuits, and more specifically, to a method for making a mask using a bilayer 
hardmask that can be used to form a semiconductor device. 

Background 

[0002] Semiconductor devices are made using lithographic techniques. Current 
10 lithography process uses photons to transfer the device images on a mask (reticle) 

to a layer of photosensitive material, such as a photoresist, formed on a 
semiconductor wafer. As dimensions of semiconductor devices continue to shrink 
to sub-0.1 M-m, new techniques, such as 193 nm and extreme ultraviolet (EUV) 
lithography as well as phase shift masks, are needed to meet manufacturing 
15 requirements. However, etch selectivity between photoresist and an underlying 

absorber structure of a mask, in which a pattern is being formed, is poor. Portions 
of the photoresist are removed while etching the absorber structure rendering the 
pattern in the absorber structure to be different than that desired. 

[0003] To accommodate for the photoresist removal during the etch process a thick 
20 photoresist, which is approximately 300 to 400 nanometers, is used. While a thick 

photoresist may be suitable for some applications, it makes it difficult to pattern 
high resolution features due to their high aspect ratio and may lead to the 
photoresist collapsing. Additionally, when using a thick photoresist non-volatile 
etch by-products may deposit on features patterned in the thick photoresist to form 
25 "veils", which are very difficult to remove. Thus, a need exists for a method to 

form high aspect ratio features when etching an absorber structure as part of a 
mask fabrication process. 



Brief Description of the Drawings 

30 [0004] The present invention is illustrated by way of example and is not limited by the 
accompanying figures, in which like references indicate similar elements. 
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[0005] FIG. 1 illustrates a cross-section of a portion of a mask having multiple layers 
including a bilayer hardmask as in accordance with an embodiment of the present 
invention; 

[0006] FIG. 2 illustrates the mask of FIG. 1 after patterning a (photo)resist and forming 
5 an opening in a portion of the bilayer hardmask in accordance with an 

embodiment of the present invention; 

[0007] FIG. 3 illustrates the mask of FIG. 1 after transferring the opening into another 
portion of the bilayer hardmask in accordance with an embodiment of the present 
invention; 

10 [0008] FIG. 4 illustrates the mask of FIG. 3 after transferring the opening into an 
absorber structure in accordance with an embodiment of the present invention; 

[0009] FIG. 5 illustrates the mask of FIG. 4 after removing the photoresist and the bilayer 
hardmask in accordance with an embodiment of the present invention; 

[00010] FIG. 6 illustrates the mask of FIG. 5 after transferring the opening to the repair 
15 buffer layer in accordance with an embodiment of the present invention; 

[00011] FIG. 7 illustrates the mask of FIG. 6 after transferring the opening through the 
etch stop layer and exposing the reflective stack in accordance with an 
embodiment of the present invention; and 

[00012] FIG. 8 illustrates using the mask of FIG. 7 to manufacture a semiconductor device 
20 in accordance with an embodiment of the present invention. 

[00013] Skilled artisans appreciate that elements in the figures are illustrated for simplicity 
and clarity and have not necessarily been drawn to scale. For example, the 
dimensions of some of the elements in the figures may be exaggerated relative to 
other elements to help improve the understanding of the embodiments of the 
25 present invention. 

Detailed Description of the Drawings 

[00014] Shown in FIG. 1 is the starting point for forming a mask (reticle) , which includes 
a mask substrate 12, a reflective layer 14, an etch stop layer (ESL) 16, a (repair) 
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buffer layer 18, an absorber structure 20 and a bilayer hardmask 26. The mask 
substrate 12 is a low thermal expansion (LTE) material, which as used herein has 
a coefficient of thermal expansion (CTE) of less than approximately 30 part per 
billion (ppb) per degree Kelvin at +A 22 degrees Celsius; a low defect density, 

5 which used herein is approximately less than 0 defects greater than approximately 

50 nanometers Poly-Styrene Latex (PSL) sphere equivalent and low surface 
roughness, which used herein is less than approximately 50 nanometers peak to 
valley flatness. In addition, the mask substrate 12 should be able to mechanically 
support any overlying layers during the manufacturing process of the mask and 

10 the fabrication process of the semiconductor device. In one embodiment, the 

mask substrate can be a high-quality silica, such as ULE® zero expansion glass 
provided by Coming. 

[00015] In one embodiment, the reflective layer 14 formed over the mask substrate 12 is a 
multi-layer stack and, preferably, comprises a stack of 40-layer pairs of silicon 

15 and molybdenum layers with a periodicity of about 7nm, wherein a molybdenum 

layer is in contact with the mask surface and a silicon layer is the top layer of the 
reflective layer 14. Other materials, however, may be used. Ion beam deposition 
(IBD), magnetron sputtering, E-beam evaporation or the like can be used to 
deposit the silicon and molybdenum multi-layer stack. Optionally, a capping 

20 layer of a reflective material can be formed over the reflective layer 14. 

[00016] Formed over the reflective layer 14, the ESL 16, in one embodiment, is 
approximately 10 nanometers of chromium (Cr) or chrome. The buffer layer 18 is 
formed over the ESL 16. In one embodiment, the buffer layer 18 includes silicon 
and oxygen, or more specifically, is a silicon oxynitride deposited by plasma 
25 enhanced chemical vapor deposition (PECVD). The buffer layer 18 may be 

approximately 30-90 nanometers thick. 

[00017] In the embodiment illustrated in FIG. 1, the absorber structure 20, which is 
formed over the buffer layer 18, includes a first absorber layer 22 and a second 
absorber layer 24. In one embodiment, both absorber structure 20 includes 
30 tantalum or silicon. In one embodiment, the first absorber layer 22 is 

approximately 30-100 nanometers, or more preferably approximately 70 
nanometers of tantalum silicon nitride (TaSiN) and the second absorber layer 24 is 
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approximately 10-30 nanometers or more preferably approximately 18 nanometers 
of tantalum silicon oxide (TaSiO). The first absorber layer 22 and the second 
absorber layer 24 may be formed by physical vapor deposition (PVD), ion 
sputtering, the like, or combinations of the above. Additionally, other materials 
may be used such as TaBN, TaSi, TaN, Ta and the like. The use of two layers for 
the absorber structure 20 provides for inspection contrast after an overlying 
bilayer hardmask (discussed below) is removed. Therefore, it is the overlying 
layers (e.g., a first photoresist 32 and the bilayer hardmask 26) should be 
completely removed where needed. 

[00018] The bilayer hardmask 26 is formed over the absorber structure 20 and includes a 
first hardmask layer 28 and a second hardmask layer 30. The first hardmask layer 
28 may be a sacrificial layer of carbon. Carbon has a high selectivity to the 
desired materials of SiON and SiN for the second hardmask layer 30 and the 
tantalum-containing materials used for second absorber layer 24. Furthermore, 
carbon is desirable because it is easy to remove after the (sacrificial) layer is no 
longer need by exposing the carbon to an oxygen (O2) plasma. In one 
embodiment, the first hardmask layer 28 is approximately 70 to 100 nanometers 
of carbon, or more preferably is approximately 80 nanometers of carbon. The first 
hardmask layer 28 may be formed by physical vapor deposition (PVD), such as 
sputtering, PECVD, the like or combinations of the above. 

[00019] The second hardmask layer 30 preferably includes silicon, oxygen, nitrogen, or 
any combination of at least two of them. Thus, in one embodiment, the second 
hardmask layer 30 includes silicon dioxide (Si02), silicon nitride (Si3N4 or SixNy), 
silicon oxynitride (SiON), or silicon carbon nitride (SiCN). The second hardmask 
layer 30 may be deposited by PECVD, the like and combinations of the above. 

[00020] The second hardmask layer 30 is translucent to the radiation to which the mask 
10 is exposed because it is thinner than that minimum thickness that can be used 
for an anti-reflective coating (ARC) in any lithographic process. The reflective 
properties of an ARC depend on the thickness of a material, not the material itself 
For example, a material, such as SiON, can be an ARC if the thickness of the 
layer is appropriate to the wavelength being used. If the SiON layer has a 
thickness below that required, then the SiON is not an ARC although it could be 
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an ARC if it was made thicker. To be an ARC the thickness must be at least V4 of 
the wavelength of the radiation to which the ARC is exposed. The shortest 
wavelength being used for inspection is approximately 193 nanometers and 
approximately V4 of such a wavelength is approximately 50 nanometers. Thus, a 
5 layer must be at least approximately 50 nanometers to be an ARC layer for 193 

nanometer lithography. Any other lithographic process will have a greater 
wavelength and thus to be an ARC for any lithographic process the thickness must 
be greater than approximately 50 nanometers. For example, for 248 nanometer 
lithography, an ARC layer must be approximately 60 nanometers thick. The 
10 second hardmask layer 30 is no greater than approximately 20 nanometers and is 

preferably, approximately 10 to 20 nanometers. Thus, an ARC layer is more than 
twice the thickness of the second hardmask layer 30. In other words, the second 
hardmask layer 30 is much too thin to be an ARC for any lithographic process. 

Additionally, the layers formed over the reflective layer 14 can be formed by any 
process performed at a temperature less than approximately 150 degrees Celsius 
in order to not cause interdiffusion within the reflective layer 14 resulting in 
degradation of the reflective properties of the multilayers. 

[00022] A first photoresist 32 is formed and patterned over the mask 10 to form, in one 
embodiment an opening. In one embodiment, the thickness of the photoresist is 

20 very thin, such as 50-100 nanometers. As shown in FIG. 2, the opening formed in 

the first photoresist 32 is transferred to the second hardmask layer 30 as second 
opening 34. In one embodiment, the second hardmask layer 30 is SiON and is 
etched using CHF3 chemistry, which will etch the SiON approximately seven 
times faster than the first photoresist 32. In other words, the SiON to first 

25 photoresist 32 is about 7:1 when using CHF3 chemistry. 

[00023] As illustrated in FIG. 3, the first opening 34 is transferred to the first hardmask 
layer 28 to form a second opening 36. In one embodiment, an oxygen chemistry 
(e.g., O2) is used to etch the first hardmask layer 28 if it is carbon. Oxygen has a 
selectivity of greater than approximately 200 to 1 of carbon to SiON. 



[00021] 

15 



30 [00024] 



The second opening 36 is transferred to the absorber structure 20 to form the third 
opening 38, as shown in FIG. 4. A chlorine chemistry (e.g., CI2) can be used to 
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form the third opening 38. Cb has an etch selectivity of approximately 0.44 to 1 
of TaSiO to carbon and approximately 9 to 1 of TaSiN to carbon. 

[00025] After patterning the absorber structure 20, in one embodiment, the layer 32 and 
layer 30, the second hardmask, are completely consumed leaving only the first 
hardmask layer 28. An oxygen chemistry (e.g., O2) is used to remove the first 
hardmask layer 28 (e.g., carbon), as shown in FIG. 5. The resulting opening is a 
fourth opening 40. The SiON layer ranges from 5nm to 20nm and the carbon 
layer ranges from 50nm to lOOnm. In one embodiment, the thickness of the SiON 
layer is approximately 10 nm and the thickness of the carbon layer was 
approximately 80 nm. 

[00026] After removing the bilayer hardmask 26, a defect inspection and optional, repair 
processes are performed using the buffer layer 18. The absorber structure 20 may 
be inspected using light with a deep ultra-violet wavelength, which is between 
approximately 365 nm and 193 nm. The absorber structure 20 is compared to a 
desired pattern to determine if any portions of the absorber structure 20 are 
undesirably added or missing. If any defects are found, the absorber structure 20 
is repaired by either removing portions of the absorber structure 20 or adding a 
metal, such as tantalum, tungsten, platinum, or the like, using a focused ion beam 
(FIB) or an electron beam to match the desired pattern. Thus, after defect 
inspection and repair, if performed, the absorber structure 20 may include an 
additional metal, if added. The buffer layer 18 is etched selective to the absorber 
structure 20, especially the second absorber layer 24, which is the exposed layer 
or top most layer of the mask 10 at this point in processing, to form the fifth 
opening 42. A fluorine-based chemistry, such as CHF3, may be used as it has a 
selectively of approximately 15 to 1 of SiON to TaSiO. A wet or dry etch, such as 
a plasma etch, can be used. 

[00027] As shown in FIG. 7, the fifth opening 42 is transferred to the ESL 16 to form the 
sixth opening 44. In one embodiment, the ESL 16 is etched using CI2 and O2 
because the combination has a selectivity of approximately 50 to 1 of Cr to 
TaSiO, the exposed layer. 

[00028] After forming the sixtii opening 44, a final inspection is performed. The final 
inspection is performed in the same manner as the initial inspection using deep 
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ultraviolet (DUV) wavelengths. The inspection verifies the pattern (e.g., the sixth 
opening 44) is correct without defects being added during the repair process or 
final etch processes. If the mask fails the final inspection, it likely will need to be 
scrapped unless the defect is a particle sitting on the surface that can be removed 
5 by cleaning. Currently, there is not a method to repair the mask at the final 

processing stage. 

[00029] Shown in FIG. 8 is one embodiment of a photolithographic system 210 for using 
the mask 10 to pattern a semiconductor wafer or device 150. The 
photolithographic system 210 includes a laser 110, a plasma source 120, 
10 condenser optics 130, the mask 10, reduction optics 140 and the semiconductor 

device 150. 

[00030] Although a variety of sources can provide EUV radiation, a laser produced plasma 
source 120 is shown. The source uses a high powered pulsed laser 110, such as 
Nd:YAG, for activating a supersonic gas jet, such as xenon gas jet. The xenon 

15 atomic clusters are heated to high temperatures resulting in the formation of a 

plasma source 120. From the plasma source 120 radiation with a wavelength in 
the EUV regime is emitted and focused by the condenser optics 130 into 
collimated light or radiation 135 and 137. The coUimated light 137 is projected 
onto the mask 10 at an angle, which is typically approximately 5 degrees with 

20 respect to the perpendicular axis of the mask 10, and reflected off of the reflective 

layer 14 as reflected light 139. The collimated light 135 is projected onto a 
portion of the absorber structure 20. The reflected light 139 travels through 
reduction optics 140, which reflect the light in order to shrink the pattern on the 
mask 10, to become altered light 138. Typically, the reduction optics 140 reduces 

25 the pattern on the mask 10 by four or five times. From the reduction optics 140, 

the altered light 138 illuminates a second photoresist 165 on the semiconductor 
device 150. The semiconductor device 150 includes the second photoresist 165 
and a semiconductor substrate 160, which is preferably monocrystalline silicon, 
but can be any other semiconductor material such as gallium arsenide, 

30 germanium, and the like. The semiconductor substrate 160 may have any number 

of layers or structures formed within the semiconductor substrate 160 or under the 
second photoresist 165. If the second photoresist 165 is positive, the altered light 
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138 will expose a first area 180 and will not expose second areas 170 of the 
photoresist. If negative photoresist is used, the opposite scenario will occur. 

[00031] Using the bilayer hardmask 26 allows for a thinner photoresist to be used to 
pattern an underlying absorber structure 20 and thus, high aspect ratio features to 
5 be formed within the absorber structure 20. If the first hardmask layer 28 is 

carbon, the first hardmask layer 28 is easy to remove using oxygen and has a high 
selectivity to SiON and SiN, which may be used for the second hardmask layer 
30, and materials including tantalum that may be used for the absorber structure 
20. In addition, the presence of the first hardmask layer 28 allows for the material 

10 chosen for the second hardmask layer 30 to not have to be etched using a 

chemistry that is selective to the material(s) used for the absorber structure 20. 
For example, SiON cannot be etched selective to Ta-containing materials that may 
be used for the absorber structure 20 and the underlying buffer layer 18 if it is 
SiON. However, carbon can be etched selective to both SiON and Ta-containing 

15 materials and thus, the presence of the carbon layer allows for the SiON to be used 

as a hardmask for the first photoresist 32. 

[00032] By using the bilayer hardmask 26, as discussed above, the photoresist is less likely 
to collapse due to high aspect ratio features. In addition, veil formation is less 
problematic. Veils are often formed when Ta-containing materials are etched. 

20 When etching the Ta-containing material, Ta by-products deposit on the sidewalls 

of features in the photoresist creating thin veils of metallic material attached to the 
openings in photoresist. When the photoresist is removed, the veils undesirably 
remain. By using a thinner resist, the amount of sidewall area for the formation 
of veils is reduced when using the bilayer hardmask 26. Thus, less veils are 

25 formed. Furthermore, the bilayer hardmask 26 is desirable because it can easily 

be removed, allowing for the ability to inspect the mask 10 for defects, and 
correct, if necessary. The mask 10 manufactured using the bilayer hardmask 26 is 
especially useful for advanced optical and extreme ultra-violet (EUV) lithography 
for sub-45 nanometer device fabrication. 

30 [00033] In the foregoing specification, the invention has been described with reference to 
specific embodiments. However, one of ordinary skill in the art appreciates that 
various modifications and changes can be made without departing from the scope 

-8- 



SC12878TPLuet al. 



of the present invention as set forth in the claims below. For example, other 
suitable materials and etching chemistries may be used. In addition, the openings 
in the figures are just one example of a pattern and any pattern can be used. 
Accordingly, the specification and figures are to be regarded in an illustrative 
rather than a restrictive sense, and all such modifications are intended to be 
included within the scope of the present invention. 

[00034] Moreover, the terms "front", "back", "top", "bottom", "over", "under" and the 
like in the description and in the claims, if any, are used for descriptive purposes 
and not necessarily for describing permanent relative positions. It is understood 
that the terms so used are interchangeable under appropriate circumstances such 
that the embodiments of the invention described herein are, for example, capable 
of operation in other orientations than those illustrated or otherwise described 
herein. Benefits, other advantages, and solutions to problems have been described 
above with regard to specific embodiments. However, the benefits, advantages, 
solutions to problems, and any element(s) that may cause any benefit, advantage, 
or solution to occur or become more pronounced are not to be construed as a 
critical, required, or essential feature or element of any or all the claims. As used 
herein, the terms "comprises," "comprising," or any other variation thereof, are 
intended to cover a non-exclusive inclusion, such that a process, method, article, 
or apparatus that comprises a list of elements does not include only those elements 
but may include other elements not expressly listed or inherent to such process, 
method, article, or apparatus. 



